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Abstract
Past attempts to estimate rainfall-driven flood risk across the US either have incomplete coverage,
coarse resolution or use overly simplified models of the flooding process. In this paper, we use a new
30m resolution model of the entire conterminous US with a 2D representation of flood physics to
produce estimates of flood hazard, which match to within 90% accuracy the skill of local models built
with detailed data. These flood depths are combined with exposure datasets of commensurate
resolution to calculate current and future flood risk. Our data show that the total US population
exposed to serious flooding is 2.6–3.1 times higher than previous estimates, and that nearly 41 million
Americans live within the 1% annual exceedance probability floodplain (compared to only 13 million
when calculated using FEMA flood maps). We find that population and GDP growth alone are
expected to lead to significant future increases in exposure, and this change may be exacerbated in the
future by climate change.
Introduction
In 2016, global economic losses as a result of flood-
ing totalled $56bn (all values are 2017 USD), with
$10bn of this accounted for by the August floods in
Mississippi and Louisiana alone [1]. In the US over
the past 30 years, freshwater flooding has caused an
average of $8.2bn in damages each year, though this
average masks an upward trend in flood losses over
time [2–4]. This is also the case globally, with the
major driver thought to be the increased exposure of
people and assets [5, 6].
The Federal Emergency Management Agency
(FEMA) has produced maps delineating the Spe-
cial Flood Hazard Area for nearly all current coastal
flood hazard areas in the US, and rigorous estimates
have been published indicating how many people are
exposed and how exposure is distributed nationally
[7, 8]. Maps delineating fluvial (riverine) and pluvial
(rainfall-driven) flooding, however, are only partially
complete nationwide, and no comprehensive estimate
ofUSpopulation exposure currently exists.Where they
are available, FEMA flood maps are of varying age and
levels of quality. They also have notably poor cover-
age of smaller catchments, which is a trait shared by
many of the hazard maps that are used to inform risk
calculations at global or continental scales. For exam-
ple, the framework for flood risk assessments set out by
Winsemius et al [9] which is the current state-of-the-
art in large-scale flood risk analytics [10–13], excludes
rivers below Strahler [14] order 6 (catchments smaller
than roughly 10 000 km2). This means that risk gener-
ated by these smaller streams, which may be situated
in or around residential or commercial areas, is not
captured. Further, coarse-resolution terrain data and
the simplistic representation of the physics of flood
spreading are characteristics shared by a majority of
existing large-scale models [15]. It is evident, there-
fore, that previous large-scale efforts to quantify flood
exposure (in terms of population and economic assets)
© 2018 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Schematic diagram of themethodology for generating exposure and risk estimates. FIA stands for Federal Insurance Agency.
and risk (in terms of deaths and economic losses) have
known limitations that will lead to misestimation of
these quantities (see supplementary section 1 avail-
able at stacks.iop.org/ERL/13/034023/mmedia for an
explanation of the terminology used here).
This study presents new estimates of current and
potential future flood exposure and risk using high-
resolution hazard, population, asset and projected
development maps of the entire conterminous United
States (CONUS).These layers areof significantly higher
quality and spatial coverage than those that have
previously informed exposure and risk estimations.
Validation of the new hazard layers [16] suggests they
are of commensurate quality to local studies carried out
byUSgovernment agencies.Thesenewhigh-resolution
analyses with a realistic representation of flood physics
indicate that the population exposed to serious flood-
ing in CONUS is 2.6–3.1 times higher than previous
estimates. This has major consequences for flood risk
management and policy in the US.
Methods
Flood hazard maps representing both fluvial (river
flooding, in catchments larger than 50 km2) and plu-
vial hazard (flooding from intense rainfall directly onto
the land surface, simulated in river catchments of all
sizes) are derived using return period discharges and
rainfalls from regionalised flood frequency analyses
[17] as inputs to a computationally efficient flood
inundation model based on an inertial formulation of
the shallow water equations in two dimensions [18,
19]. The underlying digital elevation model (DEM)
is sourced from the US Geological Survey National
Elevation Dataset, with simulations run at the native
DEM resolution of 1′′ (∼30m). The National Levee
Database produced by theUSArmyCorps of Engineers
(USACE) is incorporated explicitly into the model in
order to represent knownflooddefences. Further infor-
mation on the flood hazard model can be found in
supplementary section 2.1 and Wing et al [16]. The
explicit incorporation of flood defences; higher ver-
tical accuracy and finer horizontal resolution of
terrain data; better representation of fluid physics;
and coverage of all basin scales all represent step
changes over previous large-scale hazard analyses [9].
Various high-resolution datasets were employed
to translate hazard into exposure and risk for both
current and future conditions (see supplementary sec-
tion 1). Current distributions of people and assets are
detailed by the US Environmental Protection Agency
(USEPA) population density map and the FEMA
National Structure Inventory. Their projected distri-
bution under different future Shared Socio-economic
Pathway (SSP) scenarios has been produced by the
USEPA Integrated Climate and Land-Use Scenarios
(ICLUS) project [20]. These data are also a signif-
icant advance on the more aggregated datasets that
have informed previous calculations. The methodol-
ogy,detailed schematically infigure1, is explainedmore
fully in supplementary section 2.
Results
Our updated and refined estimates for rainfall and
river-flow driven flood exposure and risk in the
CONUS for both current and future conditions super-
sede previous estimates provided by patchy local
models and poorer quality global ones. Estimates
described as ‘current’ or ‘present-day’ are derived from
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Figure 2. Selected exposure (population) and risk (damage) estimates for present and future 1 in 50-, 100- and 500 year floods. SSP2
represents a medium growth scenario, in terms of population and development, while SSP5 represents a higher one.
exposure data describing socio-economic conditions
in 2010. The analysis shows that 40.8 million people
(13.3% of the population) are currently exposed to
a 1 in 100 year (1% annual exceedance probability)
fluvial or pluvial flood in the CONUS, which trans-
lates to a GDP exposure of $2.9 trillion (15.3% of total
GDP). This represents substantially higher exposure
than previous estimates suggest. The World Resources
Institute Aqueduct Global Flood Analyzer [9, 13, 21]
(hereafter, Aqueduct) suggests that 15.7 million peo-
ple and $0.7 trillion of GDP are exposed to a 1 in 100
year flood in the US. FEMA flood maps, intersected
with the population data used in this study, indicate
13.0 million people are exposed. Figure 3 elucidates
where the differences between our analysis and FEMA
exposures arise. While our study identifies exposure
missed by FEMA across the country, higher concen-
trations of newly identified exposure are particularly
evident along the Pacific coast, in urban centres around
the Great Lakes and across inland western US. With
no coverage of small rivers in the Aqueduct data and
incomplete coverage in the FEMA flood maps, it is
not surprising that our study has identified additional
areas of flood exposure. This analysis indicates that
previous estimates capture roughly one-third of the
exposure identified in our 1 in 100 year floodplain. A
more detailed discussion of our results can be found in
supplementary section 3. Figure 2 and supplementary
table 1 detail these current population-based exposure
estimates further.
The total value of assets within the present-day
CONUS 1 in 100 year floodplain is $5.5 trillion, with
$1.2 trillion of this at potential risk from flood damage.
Further details on all asset-based flood exposure and
risk canbe found in supplementary table 2. Supplemen-
tary figure 2 indicates that Louisiana, Florida, Arizona
and West Virginia are particularly over-exposed, with
32%, 28%, 26% and 25% of their total asset values sit-
uated within the 1 in 100 year floodplain respectively.
From figure 4, it is evident that the absolute value of
assets on the Floridian floodplain is also particularly
high at $714 billion: Florida is thus a hotspot of flood
exposure. While their percentage of exposed assets are
not particularly high, California and Texas have high
3
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Figure 3. Distribution of population exposed to a 1 in 100 year flood across the CONUS for the present and future.
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Figure 4. Maps depicting the value of assets within the 1 in 100 year floodplain, split by state. The ‘current’ map (blue) indicates the
absolute value of assets within each state’s floodplain. The ‘future’ maps (red) indicate the proportional increase in exposed assets
from the present-day to the respective year under a particular scenario.
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absolute values of flood exposure at $763 billion and
$400 billion respectively.
In contrast to the comparison between our anal-
ysis and Aqueduct data for population exposure, our
asset damage estimates are smaller than those of the
Aqueduct data. Aqueduct estimates that $3.3 trillion of
assets are at risk of damage from the 1 in 100 year
flood, over double the corresponding value in our
analysis. Perhaps surprisingly, with a smaller spatial
flood extent, the Aqueduct hazard map translates to
a larger estimate of flood risk. We hypothesize that
the coarse land-use maps used by Aqueduct do not
capture the nuances of where assets are situated in
reality. The 5′ (∼10 km) grid cells, which indicate
percentage urban area, used inAqueduct to drive expo-
sure estimates, are unlikely to be sufficiently resolved
to capture the true distribution of assets. In reality,
buildings will generally be more concentrated outside
the floodplain than within it, but this is not captured
by 5′ grid cells. In addition, differences may arise
from the depth-damage curves used and asset values
assigned.
The New York University (NYU) Furman Center
has merged FEMA flood maps with census block-level
housing information,determining thenumberofhous-
ing units within the floodplain [22]. The NYU data
indicate that 6.8 million housing units fall within the
1 in 100 year floodplain, while our analysis finds that
15.4 million houses are situated there. This illustrates
the inadequacies of using incomplete hazard maps
(from FEMA) in combination with aggregated socio-
economic data (from the US Census Bureau) for flood
exposure estimates: the NYU methodology failed to
capture even half of the properties on the floodplain
identified by our method.
Future population exposure is also detailed in
figure 2. The general trends are perhaps as expected,
with greater exposure by 2100 and greater exposure
increases in high growth scenarios (e.g. SSP5 vs. SSP2).
Absolute future increases in population exposure are
naturally higher for larger return periods: an increase
of 17.8 million for the 1 in 50 year flood vs. 25.4 mil-
lion for the 1 in 500 year flood in 2050 under the SSP2
scenario. Percentage future increases confer something
more interesting: for the same scenario and year, the
1 in 50 year population exposure increases by 53%
while the 1 in 500 year is 41%. This means that more
frequently inundated areas are experiencing faster pop-
ulation growth than less frequently inundated ones. In
other words, the more hazardous areas in the flood-
plain (1 in 50 year zone) are projected to experience
a higher population growth rate than the floodplain
as a whole (1 in 500 year zone). Supplementary table
3 indicates the proportion of the population within
each floodplain, where it is apparent that a larger per-
centage of the total CONUS population will reside
in a floodplain in the future. Present-day 1 in 100
year flood exposure stands at 13.3%, but increases to
15.6%–15.8% in 2050 and 16.4%–16.8% in 2100. It
is evident, therefore, that an increased share of future
development is projected to takeplacewithin theflood-
plain. The SSP5 scenario places slightly more people
on the floodplain as a proportion of total popula-
tion than SSP2, but the lower-growth SSP2 scenario
still projects a proportional increase in population
exposure. Figure 3 highlights that this increased expo-
sure is generated across the CONUS as population
increases. In particular, the expansion of urban areas
around the Great Lakes, Florida coast, northeast US
and Texas see substantial increases in total population
exposure.
Future trends in asset flood risk are similar to the
population-based estimates (figure 2 and supplemen-
tary table 4). Notably, the total area of developed land
within the 1 in 100 year floodplain in 2100 under the
SSP5 scenario is roughly equivalent to the land area of
Colorado. This equates to a projected value of exposed
assets roughly equivalent to the current GDP of the
US. Figure 4 indicates where asset exposure increases
are concentrated. In 2050, Minnesota and the Great
Plains see substantial proportional increases in assets
within the floodplain. In particular, exposed assets at
least double by 2050 in Oklahoma. Currently, many
of these states are relatively undeveloped, so a large
increase in the percentage flood exposure does not nec-
essarily amount to a high absolute increase. California,
with $763 billion worth of assets on the floodplain
already, sees a 50%–100% increase in exposure by
2050. These patterns are even more pronounced by
2100. The currently less-developed Great Plains still
experience the greatest proportional increase in expo-
sure, with increases in South Dakota, Nebraska and
New Mexico of almost five-fold in relation to the
present-day.California, Florida andTexas, alreadywith
high absolute exposure, will see within-floodplain asset
values triple or quadruple by 2100 under the SSP5
scenario. Interestingly, West Virginia, which is cur-
rently proportionally highly exposed with respect to
other states (supplementary figure 2), sees very little
change in its exposure going into the future. Even
under the SSP5 scenario in 2100, the value of assets
on West Virginia’s 100 year floodplain only increases
by one-quarter. New England experiences relatively
little increase in asset exposure under both scenarios
analysed.
The estimates produced in this study are subject
to various sources of uncertainty, which are expanded
on below and in supplementary section 5. The USACE
National Levee Database is incomplete, meaning that
some of the areas that we have identified as most at
risk may be ‘false alarms’ where people and assets
are actually defended from flooding. A comprehen-
sive catalogue of flood defences in the US should be
the focus of future research to ameliorate this issue.
The effect of climate change is not incorporated into
future flood hazard projections as there is not yet
compelling evidence of a climate change signal in the
observed losses of fluvial and pluvial flooding, although
5
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there is a scarcity of gauging data with which to test
this [23]. This poor understanding of climate change
effects on flooding at local scales therefore means the
Intergovernmental Panel on Climate Change has low
confidence in future projections of flood hazard [23].
It does stand to reason, however, that an enhance-
ment of the hydrological cycle in a warming world
will lead to increased rainfall and greater flood hazard
in some regions of the US [24]. Where studies have
sought to quantify this, flood frequency response in
the US is mixed for all future scenarios: some areas
are projected to experience increased flood hazard,
while others will see it reduced [10, 24]. Predicting
socio-economic changes throughout the 21st Century
is also a difficult undertaking, and is naturally sub-
ject to much uncertainty. Out of a wide range of
possibilities, two scenarios are used here: a ‘medium’
case (SSP2) which closely tracks the national US Cen-
sus projection through 2060, and a ‘high growth’
case (SSP5) which has the US population growing to
over 700 million people by 2100 [20]. These USEPA
ICLUS projections should be seen purely as a set of
plausible future conditions developed using different
assumptions.
Conclusions
We present the most spatially detailed flood expo-
sure and risk estimates, both present and future, of
the CONUS to date. Our analysis shows that both
FEMA flood maps and previous large-scale risk esti-
mates likely significantly underestimate population
exposure, while the latter simultaneously overestimates
flood risk. This study is a first of its kind; utilising
highly resolved, spatially comprehensive flood hazard
information derived from a model that properly rep-
resents the physics of flood spreading in combination
withhigh-resolutionestimatesof thepresent and future
distributionof people andassets.With this detailed spa-
tial information on present-day flood risk, federal and
state agencies can take appropriate action to mitigate
losses [26]. Use of USEPA population and land-use
projections means that particular attention can be paid
to floodplains where development is projected. Steps
to conserve such areas or ensure adequate defences are
in place could avoid the exposure of trillions of dollars
of assets, not to mention the human suffering caused
by loss of property and life.
Acknowledgments
Our flood hazard layers are available for non-
commercial research purposes by contacting
Christopher Sampson at Fathom (c.sampson@fathom.
global). Components of the framework which gen-
erates these layers are available as follows: (i) the
LISFLOOD-FP computational hydraulic engine is
available from Paul Bates at the University of Bristol
(paul.bates@bristol.ac.uk); (ii) Global Runoff Data
Center discharge data from www.bafg.de/GRDC/
EN/01_GRDC/12_plcy/data_policy_node.html, in
combination with the methodology and results
of Smith et al [17], constitute the boundary con-
ditions; (iii) the US Geological Survey National
Elevation Dataset, at www.ned.usgs.gov/, is used
to represent topography; (iv) to represent the river
network, theHydroSHEDS global hydrography dataset
(www.hydrosheds.org/) is used; (v) National Oceanic
and Atmospheric Administration Intensity-Duration-
Frequency relationships which drive the pluvial model
component are sourced from http://hdsc.nws.noaa.
gov/hdsc/pfds/; (vi) satellite luminosity data from
www.ngdc.noaa.gov/eog/ and (vii) soil data from
the Harmonized World Soil Database of the Food
and Agriculture Organization of the United Nations
(www.fao.org/soils-portal/soil-survey/soil-maps-and-
databases/harmonized-world-soil-database-v12/en/)
are used to modulate infiltration in the pluvial model;
and (viii) the USACE National Levee Database is
available from www.nld.usace.army.mil/. Exposure
data from the USEPA, which includes present-day
population distributions and ICLUS projections
of population and land-use, are available from the
USEPA’s Environmental Dataset Gateway: http://edg.
epa.gov/. The National Land-Use Dataset of the
present day can be accessed at http://cspinc.org/public/
NLUD2010_20140326.zip. The FEMANational Struc-
ture Inventory is available from http://data.femadata.
com/FIMA/NSI_2010/. The G-Econ GDP per capita
map of the US can be accessed at http://gecon.yale.
edu/. Depth-damage relationships are available upon
request from Oliver Wing at the University of Bristol
(oliver.wing@bristol.ac.uk). Paul Bates was supported
by a Royal Society Wolfson Research Merit Award and
a Leverhulme Research Fellowship. The work in this
paper was made possible by the financial and intellec-
tual contributions of Fathom, the Kresge Foundation’s
generous support of The Nature Conservancy and
UK Natural Environment Research Council grant
NE/M007766/1.
ORCID iDs
Oliver E J Wing https://orcid.org/0000-0001-7515-
6550
References
[1] Munich Re. Natural catastrophes 2016 Analyses, assessments,
positions (www.munichre.com/site/touch-publications/
get/documents_E-271800065/mr/assetpool.shared/
Documents/5_Touch/_Publications/TOPICS_GEO_
2016-en.pdf)
[2] National Weather Service 2015 Hydrologic Information
Center—Flood Loss Data
[3] Changnon S A 2008 Assessment of flood losses in the United
States J. Contemp. Res. Educ. 138 38–44
6
Environ. Res. Lett. 13 (2018) 034023
[4] Pielke R A and DowntonMW 2000 Precipitation and
damaging floods: trends in the United States, 1932–97
J. Clim. 13 3625–37
[5] IPCC 2012 Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation. A Special
Report of Working Groups I and II of the Intergovernmental
Panel on Climate Change ed C B Field et al (Cambridge:
Cambridge University Press)
[6] Changnon S A, Pielke R A, Changnon D, Sylves R T and
Pulwarty R 2000 Human factors explain the increased losses
from weather and climate extremes Bull. Am. Meteor. Soc. 81
437–42
[7] Crowell M et al 2010 An estimate of the US population living
in 100 year coastal flood hazard area J. Coast. Res. 26 201–11
[8] Neumann B et al 2015 Future coastal population growth and
exposure to sea-level rise and coastal flooding—a global
assessment PLoS ONE 10 e0118571
[9] Winsemius H C, van Beek L P H, Jongman B, Ward P J and
Bouwman A 2013 A framework for global river flood risk
assessments Hydrol. Earth Syst. Sci. 17 1871–92
[10] Winsemius H C et al 2016 Global drivers of future river flood
risk Nat. Clim. Change 6 381–5
[11] Muis S, Gu¨neralp B, Jongman B, Aerts J C J H and Ward P J
2015 Flood risk and adaptation strategies under climate change
and urban expansion: a probabilistic analysis using global data
Sci. Total Environ. 538 445–57
[12] Jongman B et al 2015 Declining vulnerability to river floods
and the global benefits of adaptation Porc. Natl Aacd. Sci. 112
E2271–80
[13] Ward P J et al 2013 Assessing flood risk at the global scale:
model setup, results, and sensitivity Environ. Res. Lett. 8
044019
[14] Strahler A N 1964 Handbook of Applied Hydrology ed V T
Chow (New York: McGraw-Hill) pp 4–39–76
[15] Trigg M A et al 2016 The credibility challenge for global fluvial
flood risk analysis Environ. Res. Lett. 11 094014
[16] Wing O E J et al 2017 Validation of a 30m resolution flood
hazard model of the conterminous United StatesWater
Resour. Res. 53 7968–86
[17] Smith A, Sampson C and Bates P 2015 Regional flood
frequency analysis at the global scaleWater Resour. Res. 51
539–53
[18] Bates P D, Horritt M S and Fewtrell T J 2010 A simple inertial
formulation of the shallow water equations for efficient
two-dimensional flood inundation modelling J. Hydrol. 387
33–45
[19] Neal J, Schumann G and Bates P 2012 A subgrid channel
model for simulating river hydraulics and floodplain
inundation over large and data sparse areasWater Resour. Res.
48W11506
[20] US Environmental Protection Agency 2016 Updates to the
Demographic and Spatial Allocation Models to Produce
Integrated Climate and Land Use Scenarios (ICLUS) Version 2
EPA/600/R-16/366F (Washington, DC: National Center for
Environmental Assessment)
[21] World Resources Institute 2015 Aqueduct Global Flood
Analyzer (http://floods.wri.org/)
[22] New York University Furman Center 2017 FloodZoneData.us
(http://floodzonedata.us/)
[23] Seneviratne S et al 2012 Managing the Risks of Extreme Events
and Disasters to Advance Climate Change Adaptation ed C B
Field et al (Cambridge: Cambridge University Press)
pp 109–230
[24] Kundzewicz Z W et al 2014 Flood risk and climate change:
global and regional perspectives Hydrolog. Sci. J. 59 1–28
[25] Hirabayashi Y et al 2013 Global flood risk under climate
change Nat. Clim. Change 3 816–21
[26] US Environmental Protection Agency 2015 Flood Loss
Avoidance Benefits of Green Infrastructure for Stormwater
Management (www.epa.gov/green-infrastructure/
flood-loss-avoidance-benefits-green-infrastructure-
stormwater-management)
7
